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(57) ABSTRACT

The present invention provides a method for narrowing a
spectral width that can also be adapted to an ultrashort optical
pulse emitted from a wavelength tunable light source, and that
can provide an output optical pulse with a narrow spectral
width and a low noise component, and an optical element and
a light source device that use the method for narrowing a
spectral width. The method includes using an optical
waveguide member (2) to cause a soliton effect in an input
optical pulse (1) within the optical waveguide member (2),
thereby narrowing a spectral width of the input optical pulse
(1) to provide an output optical pulse (3), the optical
waveguide member (2) having dispersion characteristics such
that the average of a second-order dispersion value ($2) with
respect to the input optical pulse (1) is negative, and the
absolute value of the second-order dispersion value ($2)
increases in a propagation direction of the input optical pulse
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SPECTRAL WIDTH NARROWING METHOD,
OPTICAL ELEMENT AND LIGHT SOURCE
DEVICE

TECHNICAL FIELD

The present invention relates to a method for narrowing a
spectral width that narrows the spectral width of an optical
pulse, an optical element that uses this method to narrow the
spectral width of input light and emits output light, and a light
source that emits an optical pulse in which the spectral width
has been narrowed.

BACKGROUND ART

In the fields of optical measurement and opto-electronics, a
wavelength tunable light source capable of changing the
wavelength over a wide band has become increasingly impor-
tant.

In the case of a semiconductor laser, which is used as a
conventional wavelength tunable light source, the variable
wavelength band is limited to the gain band, and therefore the
wavelength cannot be greatly changed. For example, a
method for changing the wavelength by rotating a diffraction
grating also has been proposed. However, this method
requires mechanical sweeping and cannot achieve high-speed
wavelength conversion.

To solve these problems, as a light source capable of chang-
ing the wavelength without adjustment of the optical system,
Patent Document 1 proposes an apparatus that includes a laser
light source for generating an ultrashort optical pulse on the
order of femtoseconds (fs), a regulator for regulating the
wavelength characteristics of the generated ultrashort optical
pulse, and an optical fiber for receiving the ultrashort optical
pulse whose characteristics have been regulated by the regu-
lator.

The wavelength tunable light source of Patent Document 1
uses the soliton effect that is the interaction between self-
phase modulation and wavelength dispersion, and thus allows
the optical pulse to be an ideal soliton pulse in the optical
fiber. As the optical pulse propagates in the optical fiber, the
pulse wavelength shifts to the long wavelength side due to the
soliton self-frequency shift effect of the optical fiber. More-
over, the amount of wavelength shift is controlled by adjust-
ing the length of the optical fiber and the intensity of the
ultrashort optical pulse input to the optical fiber, so that the
ultrashort optical pulse to be generated can have a desired
center wavelength.

PRIOR ART DOCUMENTS
Patent Documents
Patent Document 1: JP 2000-105394A

DISCLOSURE OF INVENTION
Problem to be Solved by the Invention

An optical pulse source that emits an optical pulse is used
as a light source for an optical tomographic measurement,
spectroscopy, optical communications, or a nonlinear micro-
scope. The optical pulse source used as a light source for these
optical instruments needs to be able to change the wavelength
over a wide band at a high speed. Moreover, in order to
improve the accuracy of the measurement and analysis, the
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spectral width of the optical pulse emitted from the optical
pulse source should be a narrow band.

However, since the conventional wavelength tunable light
source as disclosed in Patent Document 1 emits an ultrashort
optical pulse, the spectral width of the generated optical pulse
is about 20 nm. For example, when an ultrashort optical pulse
having a pulse width of about femtoseconds (fs) to picosec-
onds (ps) is used as an optical pulse emitted from a light
source of an optical tomographic apparatus, the spectral
width is preferably about 1 nm in terms of the measurement
accuracy. Therefore, a spectral width as large as 20 nm
obtained by the light source of Patent Document 1 is by no
means sufficient to achieve high measurement accuracy.
Accordingly, there has been a demand for a light source that
can provide a narrower spectral width.

As the optical pulse used for the optical instruments includ-
ing the optical tomographic apparatus, a clear output optical
pulse with a low pedestal component (noise component) is
required. Therefore, when the spectral width of the input
optical pulse is narrowed, it is important not only to increase
the degree of narrowing of the spectral width sufficiently, but
also to provide a narrow optical pulse having a clear wave-
form with low noise.

The present invention solves the above conventional prob-
lems and has an object of providing a method for narrowing a
spectral width that also can be adapted to an ultrashort optical
pulse emitted from a wavelength tunable light source, and that
can provide an output optical pulse with a narrow spectral
width and a low noise component, and an optical element and
a light source device that use the method for narrowing a
spectral width.

Means for Solving Problem

To solve the above problems, a method for narrowing a
spectral width of the present invention includes using an
optical waveguide member to cause a soliton effect in an input
optical pulse within the optical waveguide member, thereby
narrowing a spectral width of the input optical pulse to pro-
vide an output optical pulse, the optical waveguide member
having dispersion characteristics such that an average of a
second-order dispersion value ($2) with respect to the input
optical pulse is negative, and an absolute value of the second-
order dispersion value (f2) increases in a propagation direc-
tion of the input optical pulse.

An optical element of the present invention has dispersion
characteristics such that an average of a second-order disper-
sion value (f2) with respect to an input optical pulse is nega-
tive, and an absolute value of the second-order dispersion
value (P2) increases in a propagation direction of the input
optical pulse. The optical element causes a soliton effect in
the input optical pulse to narrow a spectral width of the input
optical pulse, thereby providing an output optical pulse.

A light source device of the present invention includes the
following: an optical pulse generator that generates an optical
pulse; an amplifier that adjusts an intensity of the generated
optical pulse; and the optical element according to the present
invention. The light source device emits an optical pulse in
which the spectral width has been narrowed.

Effects of the Invention

The method for narrowing a spectral width of the present
invention uses the optical waveguide member having the
predetermined dispersion characteristics to cause the soliton
effect in the input optical pulse, and thus can provide an
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output optical pulse in which the spectral width has been
narrowed with a high narrowing factor, and the pedestal com-
ponent (noise) is suppressed.

Using the method for narrowing a spectral width of the
present invention, the optical element ofthe present invention
can change the input optical pulse in a wide wavelength range
to an output optical pulse in which the spectral width has been
narrowed with a high narrowing factor, and the pedestal com-
ponent (noise) is suppressed.

The light source device of the present invention can emit a
soliton optical pulse with a narrow spectral width and a low
noise component as an output optical pulse.

BRIEF DESCRIPTION OF DRAWING

FIG. 1 is a diagram for explaining a spectral width narrow-
ing method of the present invention.

FIG. 2 is a diagram showing the optical characteristics of
communication fibers constituting a comb-like profiled fiber
according to an embodiment of the optical element of the
present invention. FIG. 2A shows the relationship between
the wavelength and the second-order dispersion value (2).
FIG. 2B shows the relationship between the wavelength and
the nonlinear coefficient.

FIG. 3 is a diagram for explaining a change in the disper-
sion characteristics of a comb-like profiled fiber according to
an embodiment of the optical element of the present inven-
tion. FIG. 3A shows a state in which the absolute value of the
second-order dispersion value (f2) is small. FIG. 3B shows a
state in which the absolute value of the second-order disper-
sion value (p2) is in the middle. FIG. 3C shows a state in
which the absolute value of the second-order dispersion value
(P2) is large.

FIG. 4 is a conceptual diagram showing the schematic
configuration of a comb-like profiled fiber according to an
embodiment of the optical element of the present invention.

FIG. 5 is a diagram showing the second-order dispersion
value (f2) characteristics of a comb-like profiled fiber
according to an embodiment of the optical element of the
present invention.

FIG. 6 is a diagram showing the spectral widths of input
and output optical pulses of an ultrashort optical pulse, in
which the spectral width of the ultrashort optical pulse is
narrowed by an optical element of the present invention.

FIG. 7 is a block diagram showing the schematic configu-
ration of a first light source device that emits an optical pulse
with a narrow spectral width according to an embodiment of
the present invention.

FIG. 8 is a block diagram showing the schematic configu-
ration of a second light source device that can provide a
wavelength tunable optical pulse with a narrow spectral width
according to an embodiment of the present invention.

FIG. 9 is a diagram showing the spectral width narrowing
in the second light source device that can provide a wave-
length tunable optical pulse with a narrow spectral width
according to an embodiment of the present invention. FIG.
9A shows an optical pulse generated by an optical pulse
generator. FIG. 9B shows an output optical pulse from the
light source device.

FIG. 10 is a diagram showing the relationship between the
center wavelength, the spectral width, and the pedestal com-
ponent suppression ratio of an output optical pulse emitted
from the second light source device that can provide a wave-
length tunable optical pulse with a narrow spectral width
according to an embodiment of the present invention.

DESCRIPTION OF THE INVENTION

A method for narrowing a spectral width of the present
invention includes using an optical waveguide member to
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cause a soliton effect in an input optical pulse within the
optical waveguide member, thereby narrowing a spectral
width of the input optical pulse to provide an output optical
pulse, the optical waveguide member having dispersion char-
acteristics such that an average of a second-order dispersion
value (2) with respect to the input optical pulse is negative,
and an absolute value of the second-order dispersion value
(B2) increases in a propagation direction of the input optical
pulse.

With this configuration, as the optical pulse propagates in
the optical waveguide member, the spectral width of the opti-
cal pulse becomes narrower due to the soliton effect of main-
taining the soliton pulse characteristics. Therefore, optimiz-
ing the degree of the increase in the absolute value of the
second-order dispersion value (2) of the optical waveguide
member in accordance with the center wavelength or inten-
sity of the input optical pulse can provide an output optical
pulse in which a high narrowing factor is achieved, and the
pedestal component is suppressed.

In the method for narrowing a spectral width of the present
invention, it is preferable that an optical fiber is used as the
optical waveguide member. The optical fiber can transmit the
input optical pulse efficiently, and have desired characteris-
tics relatively easily.

Moreover, it is preferable that the optical waveguide mem-
ber is configured by connecting a plurality of optical fibers,
which differ in the second-order dispersion value (2). By
connecting a plurality of optical fibers with different second-
order dispersion values (2), the optical waveguide member
having desired dispersion characteristics easily can be pro-
vided compared to the use of a single optical fiber.

Further, it is preferable that the optical waveguide member
is configured by connecting a plurality of optical fibers, which
differ from each other in the second-order dispersion value
(B2), in sequence so that the plurality of optical fibers are
combined while varying a length ratio, and thus the optical
waveguide member has dispersion characteristics such that
the absolute value of the second-order dispersion value (32)
increases in the propagation direction of the input optical
pulse. With this configuration, the optical waveguide member
having desired dispersion characteristics can be provided
using commercially available optical fibers without the need
to manufacture another optical fiber with a special second-
order dispersion value ($2).

An optical element of the present invention has dispersion
characteristics such that an average of a second-order disper-
sion value (f2) with respect to an input optical pulse is nega-
tive, and an absolute value of the second-order dispersion
value (P2) increases in a propagation direction of the input
optical pulse. The optical element causes a soliton effect in
the input optical pulse to narrow a spectral width of the input
optical pulse, thereby providing an output optical pulse.

With this configuration, the optical element using the
method for narrowing a spectral width of the present inven-
tion can provide an output optical pulse in which a high
narrowing factor is achieved, and the pedestal component is
suppressed.

The optical element of the present invention may include a
plurality of optical fibers, which differ in the second-order
dispersion value ($2), connected in the propagation direction
of'the input optical pulse. Moreover, the optical element of the
present invention may include a plurality of optical fibers,
which differ from each other in the second-order dispersion
value ($2), connected in sequence so that the plurality of
optical fibers are combined while varying a length ratio, and
thus has dispersion characteristics such that the absolute
value of the second-order dispersion value (§2) increases in
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the propagation direction of the input optical pulse. With this
configuration, the optical element having desired dispersion
characteristics can be easily provided.

A light source device of the present invention includes the
following; an optical pulse generator that generates an optical
pulse; an amplifier that adjusts an intensity of the generated
optical pulse; and the optical element according to the present
invention. The light source device emits an optical pulse in
which the spectral width has been narrowed.

With this configuration, the light source device using the
method for narrowing a spectral width of the present inven-
tion can emit a soliton optical pulse with a narrow spectral
width and a low noise component as an output optical pulse.

It is preferable that the optical pulse generator includes a
short pulse laser light source, a light intensity regulator, and a
wavelength tunable optical fiber, and serves as a wavelength
tunable light source that is capable of changing a wavelength
of'an optical pulse to be generated by adjusting an intensity of
a short pulse laser beam input to the wavelength tunable
optical fiber with the light intensity regulator. With this con-
figuration, a narrow spectral width light source that is capable
of changing the wavelength over a wide band at a high speed
can be put to practical use.

Hereinafter, an embodiment of the present invention will
be described with reference to the drawings.

(Spectral Width Narrowing Method)

First, the principle and content of a spectral width narrow-
ing method of the present invention will be described.

FIG. 1 is a conceptual diagram for explaining the principle
of' the spectral width narrowing method of the present inven-
tion.

As shown in FIG. 1, in the spectral width narrowing
method of the present invention, a soliton wave 1 (input
optical pulse) is introduced into an optical waveguide mem-
ber 2 that is an optical element for narrowing a spectral width,
and then an output optical pulse 3 is generated in which the
spectral width has been narrowed.

The optical waveguide member 2 has dispersion character-
istics such that the absolute value of a second-order disper-
sion value ($2) of wavelength dispersion increases in the
longitudinal direction, i.e., the propagation direction of the
input optical pulse, as shown in FIG. 1. Although FIG. 1
shows only the absolute value of the second-order dispersion
value (2), the optical waveguide member 2 used for the
spectral width narrowing method of the present invention is
limited to the configuration in which the average of the whole
second-order dispersion value (p2) is negative. Therefore, it
also can be described that the second-order dispersion value
(P2) of the optical waveguide member 2 changes to a larger
negative value with a distance in the propagation direction of
the input optical pulse, i.e., in the longitudinal direction.

The soliton wave 1 entering the optical waveguide member
2 having the above dispersion characteristics propagates
while maintaining the soliton waveform due to the soliton
effect, and the spectral width is narrowed.

The soliton wave can be expressed by the following for-
mula 1 that gives the soliton order (N).

_ 7P TI-Z‘WHM [Formula 1]

N? = L EWEM
3.11|8,]
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6

-continued

N: Soliton order
y: Nonlinear coefficient
14 Py: Peak power
Trwan: Temporal full width at half maximum

P2: Second-order dispersion value

The numerator on the right side of the formula 1 represents
the self-phase modulation of the optical pulse, and the
denominator on the right side of the formula 1 represents the
wavelength dispersion. As described above, upon entering the
optical waveguide member 2 having the dispersion charac-
teristics in which the average of the whole second-order dis-
persion value ($2) is negative, and in which the absolute value
of the second-order dispersion value ($2) increases in the
propagation direction of the input optical pulse, the soliton
wave 1 propagates while maintaining the time waveform due
to the interaction between the nonlinear effect and the wave-
length dispersion of the optical waveguide member 2, so that
the soliton waveform is maintained. Therefore, when an opti-
cal pulse with a soliton order of 0.5 to 1.5 is introduced into
the optical waveguide member 2, the value N* of the formula
1 converges to 1. Since the absolute value of the second-order
dispersion value ($2) of the optical waveguide member 2
increases in the propagation direction of the optical pulse, the
temporal full width at half maximum (T zy;,,,) of the input
soliton wave 1 is increased so as to maintain the soliton pulse
characteristics, and consequently the spectral width is nar-
rowed.

In the spectral width narrowing method of the present
invention, as the optical pulse propagates in the optical
waveguide member 2 having the dispersion characteristics in
which the absolute value of the second-order dispersion value
(B2) increases, the spectral width of the optical pulse becomes
narrower due to the soliton effect. Therefore, the spectral
width of the input optical pulse 1 can be narrowed by adjust-
ing the profile of the second-order dispersion value (2) in
accordance with the wavelength or intensity of the input
optical pulse and the length of the optical waveguide member
for narrowing the spectral width.

Moreover, the spectral width narrowing method of the
present invention uses the effect of maintaining the soliton
waveform of the optical pulse to narrow the spectral width.
Therefore, the output optical pulse 3 becomes a clear solitary
wave. Thus, the generated output optical pulse 3 can have an
almost ideal waveform with a low pedestal component
(noise).

(Optical Element)

Next, a specific example of the optical waveguide member,
i.e., the optical element used for the spectral width narrowing
method of the present invention will be described as an
embodiment.

The optical element of this embodiment is an optical fiber
that serves as the optical waveguide member having the dis-
persion characteristics in which the average of the second-
order dispersion value (2) with respect to the input optical
pulse is negative, and in which the absolute value of the
second-order dispersion value ($2) increases in the propaga-
tion direction of the input optical pulse.

The optical fiber can have various dispersion characteris-
tics depending on the materials or diameters of a core and a
clad. Therefore, it is not impossible to manufacture an optical
fiber in which the average of the second-order dispersion
value (2) with respect to the input optical pulse is negative,
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and the absolute value of the second-order dispersion value
(P2) increases in the propagation direction of the input optical
pulse. However, it is difficult to change the dispersion char-
acteristics continuously. Thus, instead of using a single fiber
to achieve desired dispersion characteristics, a plurality of
different optical fibers having negative second-order disper-
sion values (§2) are connected in sequence so that the abso-
lute value of each of the second-order dispersion values (32)
gradually increases. Consequently, the connected optical
fiber as a whole can have desired dispersion characteristics. In
this manner, although an optical transmission loss occurs at
the splices of the optical fibers, the individual optical fibers
only need to have uniform dispersion characteristics over the
entire length, and therefore it is very easy to manufacture an
optical element in which the dispersion characteristics are
continuously changed.

Examples of the specific method for obtaining a predeter-
mined second-order dispersion value (2) of a fiber include
the following: adjusting the magnitude of the refraction index
by adding an additive to a glass material and adjusting the
concentration of the additive; adjusting the refractive index
distribution on the cross section; and controlling the cross-
sectional structure using a microstructure. For example, the
absolute value of the second-order dispersion value (§2) can
be increased as the core diameter of the fiber becomes larger.

In order to achieve the optical waveguide member having
desired dispersion characteristics more easily, a comb-like
profiled fiber is used as the optical element of this embodi-
ment. The comb-like profiled fiber is composed of two types
of optical fibers with different dispersion characteristics.
These optical fibers are alternately connected so that the
length ratio is varied, thereby changing the second-order dis-
persion value (2) in the longitudinal direction of the optical
fibers.

FIG. 2 is a diagram showing the optical characteristics of
fibers used for the comb-like profiled fiber that is the optical
element of this embodiment.

Since an ultrashort optical pulse having a center wave-
length of 1620 nm is used as the input optical pulse, the
comb-like profiled fiber of this embodiment includes a dis-
persion-shifted fiber (referred to as “DSF” in the following)
and a single mode fiber (referred to as “SMF” in the follow-
ing). The DSF is a commercially available fiber for informa-
tion communications and serves as a first fiber in which the
second-order dispersion value ($2) at the center wavelength is
negative, and the absolute value of the second-order disper-
sionvalue (f2) is relatively small. The SMF is a commercially
available fiber for information communications and serves as
a second fiber in which the second-order dispersion value
(P2) at the center wavelength is negative, and the absolute
value of the second-order dispersion value (2) is relatively
large.

More specifically, the DSF is the fiber for information
communications  “FutureGuide-DS  Dispersion-Shifted
Single-Mode Fiber” (trade name) manufactured by Fujikura
Ltd., and the SMF is the fiber for information communica-
tions “FutureGuiude-SM Single-Mode Fiber” (trade name)
manufactured by Fujikura Ltd.

FIG. 2A is a diagram showing changes in the second-order
dispersion value ($2) with the center wavelength of the input
optical pulse in the DSF and the SMF, respectively, which are
used for the comb-like profiled fiber of this embodiment.

As shown in FIG. 2A, the second-order dispersion value
(P2) is derived from the above formula 1 of the soliton order
(N?) and expressed in [ps*/km]. It should be noted that the
second-order dispersion value (32) differs from a dispersion
value expressed in [ps/nm/km| of wavelength dispersion (D)
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that generally is described as the dispersion characteristics of
optical fibers in catalogs of wire manufacturers. In particular,
attention should be paid to the fact that the characteristics of
the second-order dispersion value (2) are quite opposite to
those of the wavelength dispersion (D). Specifically, for the
second-order dispersion value (p2) of this embodiment, the
positive value indicates normal dispersion and the negative
value indicates anomalous dispersion. In contrast, for the
wavelength dispersion (D), the negative value indicates nor-
mal dispersion and the positive value indicates anomalous
dispersion.

As shown in FIG. 2A, both the DSF and the SMF used for
the comb-like profiled fiber (optical element) of this embodi-
ment have negative second-order dispersion values ([32) at the
center wavelength (1620 nm) of the input optical pulse. More-
over, the absolute value of the second-order dispersion value
(B2) is larger in the SMF than in the DSF.

As will be described later in a second light source device of
the present invention, the center frequency of the input optical
pulse varies when the spectral width of the input optical pulse
is narrowed by the comb-like profiled fiber (optical element)
of this embodiment. In such a case, to suppress the pedestal
component (noise component) of the output optical pulse
from the comb-like profiled fiber in a wide center frequency
range, it is preferable to use a fiber in which a change in the
second-order dispersion value (p2) with the center wave-
length of the input optical pulse (as shown in FIG. 2A) is
flattened further.

FIG. 2B is a diagram showing changes in the nonlinear
coefficient with the center wavelength of the input optical
pulse in the DSF and the SMF, respectively, which are used
for the comb-like profiled fiber of this embodiment.

As shown in FIG. 2B, in the DSF and the SMF used for the
comb-like profiled fiber (optical element) of this embodi-
ment, the nonlinear coefficient of the DSF is larger than that
of'the SMF in the vicinity of the center wavelength (1620 nm)
of the input optical pulse. In the optical element of this
embodiment, the nonlinear coeflicient distribution itself does
not have any particular meaning in terms of narrowing the
spectral width, and therefore is not a problem as long as it is
within the normal range.

FIG. 3 shows the principle ot how a predetermined second-
order dispersion value (f2) can be obtained by varying the
length ratio of two fibers DSF and SMF of the comb-like
profiled fiber of this embodiment.

In each of FIGS. 3A, 3B, and 3C, the SMF 11 is located on
the left side of the drawing and has a large absolute value of
the second-order dispersion value ($2), and the DSF 12 is
located on the right side of the drawing and has a small
absolute value of the second-order dispersion value (32).
Moreover, in each of FIGS. 3A, 3B, and 3C, the upper dia-
gram is a conceptual diagram showing the length ratio of the
SMF 11 and the DSF 12, and the lower diagram shows the
magnitude of the absolute value of the second-order disper-
sion value (32). Further, FIGS. 3A, 3B, and 3C show, in this
order, the states of a comb-like profiled fiber 10 in the input
end, the middle portion, and the output end of the optical
pulse, respectively. For ease of understanding of the configu-
ration of the comb-like profiled fiber 10, only the DSF 12 is
hatched in the upper conceptual diagram of the fiber length.

As shown in the upper diagram of FIG. 3A, at the optical
pulse input end of the comb-like profiled fiber 10, the ratio of
the length of the SMF 11 with a large absolute value of the
second-order dispersion value (p2) is about 20% of the entire
length, and the ratio of the length of the DSF 12 with a small
absolute value of the second-order dispersion value (f2) is
about 80% of the entire length. With this configuration, the
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average 13 of the second-order dispersion value (§2) in a
predetermined section of the fiber shown in FIG. 3A is drawn
to the DSF 12 because of its large length ratio and is reduced
to a relatively small value, as shown in the lower diagram of
FIG. 3A.

As shown in the upper diagram of FIG. 3B, in the middle
portion of the comb-like profiled fiber 10, the ratio of the
length of the SMF 11 with a large absolute value of the
second-order dispersion value (p2) is about 75% of the entire
length, and the ratio of the length of the DSF 12 with a small
absolute value of the second-order dispersion value (f2) is
about 25% of the entire length. With this configuration, the
average 13 of the second-order dispersion value (§2) in a
predetermined section of the fiber shown in FIG. 3B is drawn
to the SMF 11 because of its large length ratio and is increased
to a relatively large value, as shown in the lower diagram of
FIG. 3B.

As shown in the upper diagram of FIG. 3C, at the optical
pulse output end of the comb-like profiled fiber 10, the ratio of
the length of the SMF 11 with a large absolute value of the
second-order dispersion value (p2) is about 90% of the entire
length, and the ratio of the length of the DSF 12 with a small
absolute value of the second-order dispersion value (f2) is
about 10% of the entire length. With this configuration, the
average 13 of the second-order dispersion value (§2) in a
predetermined section of the fiber shown in FIG. 3C is
increased to a larger value, as shown in the lower diagram of
FIG. 3C.

As described above, the magnitude of the second-order
dispersion value (f2) in the predetermined section can be
controlled by varying the length ratio of the SMF 11 and the
DSF 12 that constitute the comb-like profiled fiber 10. As
shown in FIGS. 3A, 3B, and 3C, the proportion of the SMF 11
with a large absolute value of the second-order dispersion
value (p2) is being increased, while the proportion of the DSF
12 with a small absolute value of the second-order dispersion
value (p2) is being reduced, so that the average of the absolute
value of the second-order dispersion value (2) in the prede-
termined section gradually can be increased. Thus, when the
comb-like profiled fiber 10 is seen as a whole, the optical
element has the dispersion characteristics in which the abso-
lute value of the second-order dispersion value (§2) increases
along the propagation direction of the input optical pulse.

FIG. 4 is a conceptual diagram showing the overall con-
figuration of the comb-like profiled fiber 10 of this embodi-
ment. Similarly to the upper diagram in each of FIGS. 3A, 3B,
and 3C, FIG. 4 shows changes in the length ofthe SMF 11 and
the DSF 12, and only the DSF 12 is hatched.

As shown in FIG. 4, in the comb-like profiled fiber 10 of
this embodiment, the proportion of the SMF 11 with a large
absolute value of the second-order dispersion value (f2) is
increased and the proportion of the DSF 12 with a small
absolute value of the second-order dispersion value (f2) is
reduced along the propagation direction of the optical pulse
from the optical pulse input end 10a located on the left side of
FIG. 4 to the optical pulse output end 105 located on the right
side of FIG. 4. With this configuration, it is possible to provide
the optical element in which the absolute value of the second-
order dispersion value (p2) in each section of the fiber
increases along the propagation direction of the optical pulse.

As shown in FIG. 4, in the comb-like profiled fiber 10 of
this embodiment, the SMF 11 with a large absolute value of
the second-order dispersion value ($2) and the DSF 12 with a
small absolute value of the second-order dispersion value
(P2) are arranged alternately so that the length ratio is varied.
However, in the comb-like profiled fiber 10 of this embodi-
ment, the average of the second-order dispersion value (f2) in
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view of the length ratio of the two types of fibers SMF 11 and
DSF 12 only needs to have desired dispersion characteristics
in the propagation direction of the optical pulse. Therefore, it
is not absolutely essential to arrange the two types of fibers
alternately, as shown in FIG. 4. In principle, the DSF 12 may
be located after the SMF 11 in the first section, and the SMF
11 may be located after the DSF 12 in the subsequent section.

As described above, when the two types of fibers SMF 11
and DSF 12 are arranged in a different order, and the fibers of
the same type are successively connected, it is preferable that
two successive fibers are replaced by a single wire having the
same length as the total length of the two successive fibers so
as to prevent loss caused by fusion. However, it should be
noted that if the total length of the successive fibers of the
same type is long, the average of the second-order dispersion
value (32) in this section is not set to a predetermined value,
and thus the proper pulse width narrowing effect may not be
exerted on the optical pulse propagating in the fiber.

In FIGS. 3 and 4, for convenience of explanation, the
length of the combination of a pair of SMF and DSF, i.e., the
length of a pair of fibers combined to obtain the average of the
predetermined second-order dispersion value ($2) is constant
over the entire length of the comb-like profiled fiber 10.
However, in the comb-like profiled fiber 10 of this embodi-
ment, it is not absolutely essential to keep the length of a pair
of fibers constant over the entire length of the comb-like
profiled fiber 10. Since the second-order dispersion value
(B2) in a predetermined section of the comb-like profiled fiber
10 is determined by the ratio of the SMF 11 and the DSF 12
in this section, even if the length of a pair of fibers is changed
in the longitudinal direction of the comb-like profiled fiber
10, the average of the second-order dispersion value (p2) in
this section can be set to a desired value.

FIG. 5 is a diagram showing changes in the second-order
dispersion value (2) and the average second-order disper-
sion value (f2) in each section of the comb-like profiled fiber
in the longitudinal direction. The average second-order dis-
persion value (p2) is determined from the length ratio of the
SMF and the DSF that constitute the comb-like profiled fiber.

As shown in FIG. 5, the comb-like profiled fiber of this
embodiment includes the SMF with a second-order disper-
sion value (f2) of about -5 and the DSF with a second-order
dispersion value (p2) of about -28. Therefore, the actual
second-order dispersion value (f2), which is indicated by a
solid line in FIG. 5, repeatedly changes between “-5” and
“~28”. On the other hand, the average of the second-order
dispersion value (p2) of the SMF and the DSF, which is
indicated by a black dot in FIG. 5, remains negative and
gradually decreases (i.e., the absolute value increases) along
the propagation direction of the optical pulse.

Accordingly, the use of the comb-like profiled fiber of this
embodiment can provide an optical element in which the
average of the second-order dispersion value (§2) gradually
decreases (i.e., the absolute value increases), and the second-
order dispersion value ($2) changes from -5 to —28 over the
entire length of 740 m.

The present inventors confirmed that it is preferable that
the rate of change of the average of the second-order disper-
sionvalue (f2) of the SMF and the DSF, which is indicated by
ablack dot in FIG. 5, decreases with the inverse of the length
in the longitudinal direction so that, e.g., the second-order
dispersion value (p2) satisfies the relationship of “A (initial
value)-B (constant)/L (length)”. FIG. 6 is a diagram showing
the effect of narrowing the spectral width in the comb-like
profiled fiber of this embodiment, which has the configuration
as shown in FIG. 4 and the profile of the second-order dis-
persion value (2) as shown in FIG. 5.



US 9,075,284 B2

11

As shown in FIG. 6, when a soliton wave 21 (input optical
pulse) having a center wavelength of 1620 nm propagates in
the comb-like profiled fiber 10 of this embodiment, the spec-
tral width is narrowed, and then an output optical pulse 22 is
provided, as indicated by a dotted line in FIG. 6.

Using the comb-like profiled fiber 10 of this embodiment,
the spectral width (half-width) is narrowed from 13.8 nm for
the input optical pulse 21 to 0.72 nm for the output optical
pulse 22. In this case, the narrowing factor is 19. Moreover,
the magnitude of a pedestal component 225 of the waveform
produced by narrowing in the comb-like profiled fiber 10 is
-18.0 dB from the peak of the spectrum.

As described above, it is confirmed that the comb-like
profiled fiber of this embodiment can narrow the spectral
width of the ultrashort optical pulse significantly while sup-
pressing the noise component.

In order to study what kind of dispersion characteristics of
the second-order dispersion value (2) the optical element
(optical waveguide member) should have in the propagation
direction of the optical pulse, it is preferable that the optical
fiber is optimally designed by calculating the pulse propaga-
tion in the optical fiber. In general, the average dispersion
value needs to be changed gradually so that the propagating
pulse does not deviate greatly from the soliton condition of
N=1 in order to obtain the optical pulse having a better spec-
tral shape.

The above comb-like profiled fiber includes two types of
communication fibers with different second-order dispersion
values (2), and the length ratio of these fibers is varied to
obtain desired dispersion characteristics of the whole comb-
like profiled fiber. However, the comb-like profiled fiber of
this embodiment is not limited to such two types of fibers. For
example, three or more types of fibers with different second-
order dispersion values ($2) may be combined so that the
length ratio of these fibers is varied, which results in a comb-
like profiled fiber having predetermined second-order disper-
sion value (2) characteristics.

As a plurality of fibers that have the second-order disper-
sion value ($2) characteristics and are used to form a single
comb-like profiled fiber, it is not necessary to always use the
same type of fibers. For example, different types of fibers
having appropriate second-order dispersion value ($2) char-
acteristics may be combined in each section of the comb-like
profiled fiber in the longitudinal direction, so that the second-
order dispersion value (2) in each section can be set to a
desired value.

(Light Source Device)

Next, a light source device of the present invention will be
described by way of specific examples.

FIG.7is ablock diagram showing the overall configuration
of'a light source device 30 capable of emitting a short optical
pulse with a narrow spectral width, which is a first light source
device of this embodiment.

As shown in FIG. 7, the light source device of this embodi-
ment includes the following: an ultrashort optical pulse laser
31 that is an optical pulse generator for generating an optical
pulse; an amplifier 32 that adjusts the intensity of the
ultrashort optical pulse generated by the ultrashort optical
pulse laser 31; and a comb-like profiled fiber 33 that serves as
the optical waveguide member described in the above
embodiment of the optical element. A lens 34 is provided
between the ultrashort optical pulse laser 31 and the amplifier
32 to couple the ultrashort optical pulse from one to another.
Moreover, a lens 35 is provided between the amplifier 32 and
the comb-like profiled fiber 33 to allow the ultrashort optical
pulse output from the amplifier 32 to appropriately enter the
comb-like profiled fiber 33 (optical fiber).
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The ultrashort optical pulse laser 31 may be an Er (erbium)
doped ultrashort pulse fiber laser. As described in the above
embodiment of the optical element, the ultrashort optical
pulse laser 31 is set to, e.g., a center wavelength of 1560 nm,
a pulse width of 200 fs (femtoseconds), and a repetition rate
of 50 MHz.

The amplifier 32 is an optical amplifier that can change the
magnitude of the gain. The amplifier 32 can amplify the
optical pulse output from the ultrashort optical pulse laser 31
(Er doped ultrashort pulse fiber laser), e.g., at a gain of a
rare-earth doped fiber.

The comb-like profiled fiber 33 is the same as that
described in the above embodiment of the optical element.
For example, the comb-like profiled fiber 33 may be a 760 m
fiber in which the SMF and the DSF (both are general com-
munication fibers) are alternately connected at a predeter-
mined length ratio.

In the light source device of this embodiment, the optical
pulse generator is a laser apparatus that generates an
ultrashort optical pulse with a pulse duration on the order of
femtoseconds (fs). However, the optical pulse generator of
this embodiment is not limited to such an ultrashort optical
pulse laser, and an optical pulse source with a pulse duration
on the order of picoseconds (ps) to microseconds (us) can be
used.

Needless to say, the amplifier 32 for amplifying the input
optical pulse is not necessary when the energy of the optical
pulse generated by the ultrashort optical pulse laser 31 (opti-
cal pulse generator) has sufficient intensity for narrowing in
the comb-like profiled fiber 33 (optical waveguide member).
Moreover, the coupling lenses 34, 35 may be used as needed,
and are not essential to the light source device of this embodi-
ment.

FIG. 81s ablock diagram showing the overall configuration
of a light source device 100 capable of changing the center
wavelength of an output optical pulse and emitting an optical
pulse with a narrow spectral width, which is a second light
source device of this embodiment.

As shown in FIG. 8, the second light source device 100 of
this embodiment includes the following: a wavelength tun-
able light source 51 that is an optical pulse generator and can
perform wavelength conversion of an output optical pulse; an
amplifier 52 that adjusts the intensity of the optical pulse
output from the wavelength tunable light source 51; and a
comb-like profiled fiber 53 that serves as the optical
waveguide member. A lens 54 is provided between the wave-
length tunable light source 51 and the amplifier 52 to couple
the laser beam from one to another. Moreover, a lens 55 is
optionally provided between the amplifier 52 and the comb-
like profiled fiber 53 to allow the short pulse laser beam output
from the amplifier 52 to appropriately enter the comb-like
profiled fiber 53 (optical fiber).

The wavelength tunable light source 51 in the second light
source device 100 of this embodiment may be the conven-
tional light source disclosed in Patent Document 1.

Specifically, the wavelength tunable light source 51
includes the following: an Er doped ultrashort optical pulse
fiber laser 41 that is a short pulse laser light source; an Er
doped fiber amplifier 42 that increases the energy of the
output optical pulse from the Er doped ultrashort optical pulse
fiber laser 41; a A/2 wave plate 43 that converts the phase of
the output optical pulse from the Er doped fiber amplifier 42;
a polarization beam splitter 44; a A/2 wave plate 45; a cou-
pling lens 46 that allows the optical pulse to enter a fiber; and
an optical fiber 47 for wavelength conversion.

In the wavelength tunable light source 51, the pulse wave-
length shifts to the long wavelength side due to the soliton
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self-frequency shift effect, and thus the center wavelength of
the emitted optical pulse is further shifted to the long wave-
length side. Specifically, the amount of wavelength shift is
controlled by adjusting the intensity of the short pulse laser
beam input to the optical fiber, so that a short pulse laser beam
to be generated can have a desired wavelength.

In the wavelength tunable light source 51 shown in FIG. 8,
the optical pulse emitted from the Er doped ultrashort optical
pulse fiber laser 41 passes through the Er doped fiber ampli-
fier 42, the A/2 wave plate 43, and the polarization beam
splitter 44 so that the intensity of the optical pulse is adjusted
before it enters the optical fiber 47 for wavelength conversion.
However, the portion surrounded by a dotted line 48 in FIG. 8
is not limited to the configuration as illustrated, and other
intensity modulators capable of modulating the intensity of
the short optical pulse can be used. The A/2 wave plate 45 and
the coupling lens 46 may be used as needed and can be
omitted.

As described above, in the second light source device 100
of'this embodiment, the optical pulse emitted from the wave-
length tunable light source 51 capable of changing the center
wavelength of the ultrashort optical pulse (which is disclosed
in Patent Document 1) is introduced into the comb-like pro-
filed fiber 53 for narrowing the spectral width (which is the
optical element of the present invention). Thus, the second
light source device 100 can emit an ultrashort optical pulse in
which the spectral width has been narrowed, and the center
wavelength can be changed.

FIG. 9 shows the characteristics of an optical pulse emitted
from the wavelength tunable light source 51 and the charac-
teristics of an output optical pulse from the comb-like profiled
fiber 53 in the second light source device 100 of this embodi-
ment.

FIG. 9A shows an optical pulse emitted from the wave-
length tunable light source 51 in the second light source
device 100.

In the second light source device 100 of this embodiment,
the Er doped ultrashort optical pulse fiber laser 41 of the
wavelength tunable light source 51 generates an optical pulse
with a center wavelength of 1560 nm, a pulse width of 200 fs,
and an intensity of 30 mW After the intensity of this optical
pulse is adjusted by using the Er doped fiber amplifier 42, the
A2 wave plate 43, and the polarization beam splitter 44, the
optical pulse is introduced into the optical fiber 47 for wave-
length conversion. In this case, as shown in FIG. 9A, the
waveform of the output optical pulse is shifted from the basic
waveform a with a center wavelength of 1620 nm to the long
wavelength side in increments of 50 nm, as indicated by the
waveforms b, ¢, d, e, and f. Since the intensity of the optical
pulse input to the optical fiber 47 is gradually increased in the
wavelength tunable light source 51, the intensity of the output
waveform is also increased as it is shifted to the long wave-
length side. Thus, the center wavelength of the output optical
pulse can be continuously adjusted by the adjustment of the
input intensity.

In FIG. 9A, the numerical value above each of the wave-
forms a to f represents the halt-width of the optical pulse. As
can be seen from FIG. 9A, the half-width of the optical pulse
(ato f) ranges from 12.3 nm to 14.9 nm.

FIG. 9B shows the waveform of an output optical pulse
from the comb-like profiled fiber 53, i.e., from the second
light source device 100 of this embodiment.

In FIG. 9B, as indicated by the half-width above each of the
waveforms, the spectral width of the optical pulse from the
comb-like profiled fiber 53 has been significantly narrowed to
0.64 nm to 0.71 nm.
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In the second light source device 100 of this embodiment,
the second-order dispersion value (§2) characteristics of the
comb-like profiled fiber 53 are adjusted such that the input
optical pulse a with a wavelength of 1620 nm is optimally
narrowed. Therefore, as the center wavelength is shifted from
1620 nm to the longer wavelength side, the pedestal compo-
nent (noise component) is increased. However, as indicated
by the waveforms a to fof'the output optical pulse in FIG. 9B,
the pedestal component of the optical pulse is not large. The
results confirm that the light source device 100 has extremely
favorable output waveform characteristics as a light source
that is capable of changing the center wavelength and emit-
ting an ultrashort optical pulse, which is suitable for various
optical measuring apparatuses.

FIG. 10 is a diagram showing the relationship between the
center wavelength of the optical pulse that is input to and
output from the comb-like profiled fiber 53 and the output
waveform characteristics in the second light source device
100 of this embodiment. In FIG. 10, a solid line g represents
the relationship between the center wavelength of the input/
output optical pulse and the spectral width (half-width), and a
dotted line h represents the relationship between the center
wavelength of the input/output optical pulse and the suppres-
sion ratio of the pedestal component (noise component).

Itis evident from FIG. 10 that the output optical pulse from
the second light source device 100 of this embodiment has a
very narrow spectrum with a substantially constant spectral
width, even if the center wavelength is changed from 1620 nm
to 1870 nm. Moreover, since the second-order dispersion
value (P2) characteristics of the comb-like profiled fiber 53
are adjusted to the optical pulse with a center wavelength of
1620 nm, the value of the pedestal component (side lobe) is
increased as the center wavelength is shifted to the long
wavelength side. However, the suppression ratio of the ped-
estal component is maintained ata level of about 12 dB or less
with respect to the peak of the output optical pulse while the
center wavelength is changed to 1870 nm. Therefore, even if
the center wavelength is changed, a stable output optical pulse
with a low noise component can be provided.

The above description refers to the light source device of
this embodiment in both cases where the center wavelength of
the output optical pulse is fixed and where it can be changed.
As described above, the light source device of this embodi-
ment uses the optical element of the present invention that can
generate the output optical pulse having a narrow spectrum
with a low noise component in accordance with the input
optical pulse. Therefore, the spectral width of the optical
pulse output from the selected optical pulse generator is nar-
rowed, and then this optical pulse can be output from the light
source device. Thus, it is possible to provide a light source
device that is capable of changing the wavelength over a wide
band and emitting an optical pulse with a narrow spectral
width, which is required in the fields of optical measurement
and opto-electronics.

In the above embodiment of the light source device, the
comb-like profiled fiber, which is easy to manufacture, is used
as the optical waveguide member. However, the light source
device of this embodiment is not limited thereto, and can use
the various optical elements of the present invention as the
optical waveguide member.

The spectral width narrowing method, the optical element,
and the light source device of the present invention have been
described above by way of the specific examples, respec-
tively.

In the above description, the optical fiber is used as the
optical waveguide member. However, the optical waveguide
member of the present invention is not limited to the optical
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fiber. For example, any optical elements such as a waveguide
device and a photonic crystal device may be used as long as
they can transmit light and have predetermined second-order
dispersion value ($2) characteristics.

In the above description, the optical pulse with a soliton
order (N) of 0.5 to 1.5 is input to the optical waveguide
member. However, the soliton order (N) of the input optical
pulse is not limited to the range of 0.5 to 1.5. Nevertheless, if
the soliton order (N) of the input optical pulse is less than 0.5
or more than 1.5, the pedestal component may remain some-
what large, and therefore, although the spectral width can be
narrowed, the accuracy of the optical pulse may not be suffi-
ciently high for practical applications such as optical mea-
surement.

The optical element using the principle of the spectral
width narrowing method of the present invention, and the
light source device including this optical element to narrow
the spectral width can emit an optical pulse with a narrow
spectral width and a low noise component, and therefore can
be utilized, e.g., in high-resolution optical coherence tomog-
raphy (OCT) for medical diagnostic purposes. The ultrahigh-
resolution high-speed OCT using the light source of this
embodiment is noninvasive and can be expected to have wide
applicability in ophthalmology, pulmonology, and other
medical fields. In addition to the medical fields, it also can be
utilized for the internal inspection or observation means of
industrial products.

In particular, the optical element using the principle of the
spectral width narrowing method of the present invention,
and the light source device including this optical element to
narrow the spectral width can achieve a narrow spectral width
and suppress the pedestal component (noise component).
Therefore, the use of the optical element and the light source
device of the present invention in the OCT can provide both
high sensitivity (S/N ratio) and a large observation depth.

As applications to the field of spectroscopy, the optical
element and the light source device of the present invention
can be used as light sources of measuring apparatuses that
perform, e.g., the examinations of the environment, exhaust
gas, drainage, and water, the internal inspection of a combus-
tion chamber, the plasma measurement, or the like. Moreover,
the optical element and the light source device of the present
invention can be used as light sources of a laser microscope
and a multiphoton microscope for biopsy and cystoscopy.
Further, they also can be used as light sources for optical
communications and optical signal processing.

Thus, when the optical element using the principle of the
spectral width narrowing method of the present invention,
and the light source device including this optical element to
narrow the spectral width are applied to the field of spectros-
copy as described above, the resolving power can be
improved due to a narrow spectral width, and the sensitivity
can be improved due to a low pedestal component (noise
component).

INDUSTRIAL APPLICABILITY

As described above, the spectral width narrowing method,
the optical element, and the light source device of the present
invention can be expected to have wide applicability in vari-
ous optical fields including medical OCT, optical measure-
ment, and opto-electronics.

The invention claimed is:

1. A method for narrowing a spectral width of the optical
pulse comprising:

introducing an input optical pulse into an optical

waveguide member that causes a soliton effect in the
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input optical pulse introduced into the optical waveguide
member, thereby narrowing a spectral width of the input
optical pulse so as to provide an output optical pulse
having the narrowed spectral width,

the optical waveguide member having dispersion charac-

teristics such that:

an average of a second-order dispersion value (b2) rela-
tive to the input optical pulse is negative, and

an absolute value of the second-order dispersion value
(b2) increases, while an increment of the absolute
value gradually decreases, in a propagation direction
of the input optical pulse.

2. The method for narrowing a spectral width of the optical
pulse according to claim 1, wherein the optical waveguide
member comprises optical fibers.

3. The method for narrowing a spectral width of the optical
pulse according to claim 2, wherein the optical waveguide
member is configured by connecting a plurality of the optical
fibers, which have different second-order dispersion values
(b2) from each other.

4. The method for narrowing a spectral width of the optical
pulse according to claim 3,

wherein the optical waveguide member is configured by

connecting the plurality of the optical fibers in sequence,

each of which has different second-order dispersion

value (b2) from each other, so that:

the plurality of the optical fibers are connected while
varying length ratio between the optical fibers, and

thus the optical waveguide member has the dispersion
characteristics that the absolute value of the second-
order dispersion value (b2) increases, while the incre-
ment of the absolute value gradually decreases, in the
propagation direction of the input optical pulse.

5. The method for narrowing a spectral width of the optical
pulse according to claim 4,

wherein each of the plurality of the optical fibers comprises

two or more component fibers having different second-
order dispersion value (b2) from each other and being
connected in the respective optical fiber, and

the length ratios between the component fibers vary among

the plurality of the optical fibers.

6. An optical element characterized that:

an average of a second-order dispersion value (b2) relative

to an input optical pulse introduced into the optical ele-
ment is negative, and

an absolute value of the second-order dispersion value (b2)

increases, while an increment of the absolute value
gradually decreases, in a propagation direction of the
input optical pulse,

wherein the optical element causes a soliton effect in the

input optical pulse to narrow a spectral width of the input
optical pulse, thereby providing an output optical pulse
having the narrowed spectral width.

7. The optical element according to claim 6, comprising a
plurality of optical fibers, which have different the second-
order dispersion values (b2) from each other and are con-
nected in the propagation direction of the input optical pulse.

8. The optical element according to claim 7, comprising the
plurality of the optical fibers connected in sequence, each of
which has different second-order dispersion values (b2) from
each other, so that:

the plurality of the optical fibers are connected while vary-

ing length ratios between the optical fibers, and

thus the optical element has the dispersion characteristics

that the absolute value of the second-order dispersion
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value (b2) increases, while the increment of the absolute
value gradually decreases, in the propagation direction
of the input optical pulse.

9. A light source device comprising:

an optical pulse generator that generates the input optical
pulse;

an amplifier that adjusts an intensity of the generated input
optical pulse; and

the optical element according to claim 6,

wherein the light source device emits the output optical
pulse having the narrowed spectral width.

10. The light source device according to claim 9,

wherein the optical pulse generator comprises:
a short pulse laser light source;
a light intensity regulator; and
a wavelength tunable optical fiber, and

the optical pulse generator serves as a wavelength tunable
light source that changes a wavelength of the generated
input optical pulse by adjusting an intensity of a short
pulse laser beam input to the wavelength tunable optical
fiber with the light intensity regulator.

11. The optical element according to claim 8,

wherein each of the plurality of the optical fibers comprises
two or more component fibers having diftferent second-
order dispersion values (b2) from each other and being
connected in the respective optical fiber, and

the length ratios between the component fibers vary among
the plurality of the optical fibers.
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